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1
SOLID-STATE LIGHTING APPARATUS AND
METHODS USING ENERGY STORAGE WITH
SEGMENT CONTROL

FIELD

The present inventive subject matter relates to lighting
apparatus and methods and, more particularly, to solid-state
lighting apparatus and methods.

BACKGROUND

Solid-state lighting arrays are used for a number of lighting
applications. For example, solid-state lighting panels includ-
ing arrays of solid-state light emitting devices have been used
as direct illumination sources in architectural and/or accent
lighting. A solid-state light emitting device may include, for
example, a packaged light emitting device including one or
more light emitting diodes (LEDs), which may include inor-
ganic LEDs, which may include semiconductor layers form-
ing p-n junctions and/or organic LEDs (OLEDs), which may
include organic light emission layers.

Solid-state lighting devices are also used in lighting fix-
tures, such as incandescent bulb replacement applications,
task lighting, recessed light fixtures and the like. For example,
Cree, Inc. produces a variety of recessed downlights, such as
the LR-6 and CR-6, which use LEDs for illumination. Solid-
state lighting panels are also commonly used as backlights for
small liquid crystal display (LCD) screens, such as LCD
display screens used in portable electronic devices, and for
larger displays, such as LCD television displays.

Some attempts at providing solid-state lighting sources
have involved driving an LED or string or group of LEDs
using a rectified voltage produced from an AC source. How-
ever, because the LEDs generally require a minimum forward
voltage to turn on, the LEDs may turn on for only a part of the
rectified AC waveform, which may result in visible flickering,
may undesirably lower the power factor of the system, and/or
may increase resistive loss in the system. Examples of tech-
niques for driving LEDs with a rectified AC waveform are
described in U.S. Patent Application Publication No. 2010/
0308738. Co-pending U.S. patent application Ser. No.
13/235,103, entitled “Solid-State Lighting Apparatus and
Methods Using Energy Storage”, filed Sep. 16, 2011 and Ser.
No. 13/405,819, entitled “Solid-State Lighting Apparatus and
Methods Using Energy Storage”, filed Feb. 27, 2012, each of
which is commonly assigned to the assignee of the present
application, describe techniques in which a capacitor or other
energy storage device may be used to sustain light output
during nulls of the waveform of an AC power source used to
power a lighting apparatus.

SUMMARY

Some embodiments provide a lighting apparatus including
a string including at least two serially-connected segments,
each including at least one light-emitting diode (LED). The
string is configured to be coupled to a source of a varying
voltage. A segment control circuit is configured to selectively
bypass at least one segment of the string responsive to the
varying voltage. The apparatus also includes an energy stor-
age circuit configured to charge at least one energy storage
device from the source of varying voltage and to control
current flow between the at least one energy storage device
and the string. The apparatus further includes a control circuit
configured to control the segment control circuit and the
energy storage circuit responsive to the varying voltage such
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2

that the at least one energy storage device is selectively
coupled in parallel with different sets of the segments respon-
sive to the varying voltage.

In some embodiments, the control circuit may be config-
ured to control the segment control circuit and the energy
storage circuit to couple the at least one energy storage device
in parallel with a first set of the segments to charge the at least
one charge storage device and to discharge the at least one
charge storage through a second set of the segments. The
second set of segments may include fewer segments than the
first set of segments, e.g., the second set of segments may be
a subset of the first set of segments.

In some embodiments, the second set of segments may
include a segment having a greatest number of LEDs. For
example, the second set of segments may include a segment
having a greatest number of LEDs connected in parallel.

In some embodiments, the apparatus further includes a
rectifier circuit configured to be coupled to an AC source and
to produce arectified voltage from an AC voltage produced by
the AC source. The string may be coupled to the rectifier
circuit. The segment control circuit may be configured to
selectively bypass the segments of the string responsive to the
rectified voltage and the control circuit may be configured to
cause the segment control circuit to bypass at least one of the
segments of the string when the rectified voltage is insuffi-
cient to cause forward conduction through at least one of the
segments. The control circuit may be further configured to
cause the energy storage circuit to provide current from the at
least one energy storage device to at least one unbypassed
segment of the string when the rectified voltage is insufficient
to cause forward conduction through at least one of the seg-
ments.

According to further embodiments, the control circuit may
be configured to cause the energy storage circuit to charge the
at least one energy storage device responsive to a magnitude
of'the varying voltage exceeding a threshold and to discharge
the at least one energy storage device responsive to the mag-
nitude of the varying voltage falling below the threshold.

In some embodiments, the apparatus may further include a
dimming control circuit configured to control a current pass-
ing through at least one of the segments responsive to a
dimming control input. The segment control circuit may
include at least one current control circuit coupled to a node of
the string and the dimming control circuit may be configured
to control current flow through the at least one current control
circuit.

Further embodiments of the inventive subject matter pro-
vide a lighting apparatus including a rectifier circuit config-
ured to be coupled to an AC source and to produce a rectified
voltage from an AC voltage produced by the AC source, and
a string including at least two serially-connected LED seg-
ments and coupled to the rectifier circuit. A segment control
circuit is configured to selectively bypass at least one segment
of'the string responsive to the rectified voltage. The apparatus
further includes an energy storage circuit coupled to the rec-
tifier circuit and configured to control current flow between at
least one energy storage device and the string. A control
circuit is configured to control the segment control circuit and
the energy storage circuit such that the at least one energy
storage device is charged by the rectifier circuit when a mag-
nitude of the rectified voltage is greater than a threshold and
discharged through less than all of the segments of the string
when the magnitude of the rectified voltage is less than the
threshold. The segment control circuit may be configured to
support a current from the rectifier circuit through all of the
segments in the string circuit at a peak of the rectified voltage
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and the energy storage circuit may be configured to charge the
atleast one energy storage device to a voltage near the peak of
the rectified voltage.

In some embodiments, the segment control circuit may
include at least one current control circuit and wherein the
control circuit is configured to control the at least one current
control circuit to bypass at least one of the segments of the
string when the rectified voltage is less than the threshold.

In some embodiments, the apparatus may further include a
dimming control circuit coupled to the segment control cir-
cuit and configured to control a current passing through at
least one of the segments responsive to a dimming control
input. The segment control circuit may include at least one
current control circuit coupled to a node of the string and
configured to control current flow from the node responsive to
a control signal. The dimming control circuit may be config-
ured to generate the control signal. The dimming control
circuit may be configured to generate the control signal
responsive to a phase cut of the AC voltage.

Further embodiments of the inventive subject matter pro-
vide an apparatus including a segment control circuit config-
ured to be coupled to a string including at least two serially-
connected LED segments and to selectively bypass at least
one segment of the string responsive to a varying voltage. An
energy storage circuit is configured to charge at least one
energy storage device from the source of varying voltage and
to control current flow between the at least one energy storage
device and the string. A control circuit is configured to control
the segment control circuit and the energy storage circuit
responsive to the varying voltage such that the at least one
energy storage device is selectively coupled in parallel with
different sets of the segments responsive to the varying volt-
age.

Additional embodiments of the inventive subject matter
provide an apparatus including a rectifier circuit configured to
be coupled to an AC source and to a string including at least
two serially-connected LED segments. The rectifier circuit is
configured to produce a rectified voltage from an AC voltage
produced by the AC source. A segment control circuit is
configured to selectively bypass at least one segment of the
string responsive to the rectified voltage and an energy stor-
age circuit is coupled to the rectifier circuit and configured to
control current flow between at least one energy storage
device and the string. A control circuit is configured to control
the segment control circuit and the energy storage circuit such
that the at least one energy storage device is charged by the
rectifier circuit when a magnitude of the rectified voltage is
greater than a threshold and discharged through less than all
of the segments of the string when the magnitude of the
rectified voltage is less than the threshold.

In further embodiments of the inventive subject matter, a
lighting apparatus includes a string including at least two
serially-connected LED segments and configured to be
coupled to a source of a varying voltage. A segment control
circuit is configured to selectively bypass at least one segment
of'the string responsive to the varying voltage. The apparatus
further includes a dimming control circuit coupled to the
segment control circuit and configured to control a current
passing through at least one of the segments responsive to a
dimming control input.

In some embodiments, the segment control circuit may
include at least one current control circuit configured to con-
trol current flow from a node of the string responsive to a
control signal and the dimming control circuit may be con-
figured to generate the control signal. The dimming control
circuit may be configured to generate the control signal
responsive to a phase cut of an AC voltage.
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4
BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are included to pro-
vide a further understanding of the inventive subject matter
and are incorporated in and constitute a part of this applica-
tion, illustrate certain embodiment(s) of the inventive subject
matter. In the drawings:

FIG. 1 is a block diagram illustrating a lighting apparatus
according to some embodiments;

FIG. 2 is a block diagram illustrating a lighting apparatus
according to further embodiments;

FIG. 3 is a block diagram illustrating a lighting apparatus
according to still further embodiments;

FIG. 4 is a circuit schematic diagram illustrating an imple-
mentation of the apparatus of FIG. 3 according to some
embodiments;

FIG. 5 is a waveform diagram illustrating operations of the
circuit of FIG. 4;

FIG. 6 is a circuit schematic diagram illustrating a lighting
apparatus according to further embodiments;

FIG. 7 is a block diagram illustrating a lighting apparatus
according to further embodiments;

FIG. 8 is a circuit schematic diagram illustrating an imple-
mentation of the lighting apparatus of FIG. 7;

FIG. 9 is a circuit schematic diagram illustrating an imple-
mentation of a segment control circuit that may be used with
the lighting apparatus of FIG. 7;

FIG. 10 is a waveform diagram illustrating operations of
the circuit of FIG. 9;

FIG. 11 is a block diagram illustrating an exemplary physi-
cal arrangement of the apparatus of FIG. 3 according to some
embodiments; and

FIG. 12 is a diagram illustrating a lighting apparatus
according to further embodiments.

DETAILED DESCRIPTION

Embodiments of the present inventive subject matter now
will be described more fully hereinafter with reference to the
accompanying drawings, in which embodiments of the inven-
tive subject matter are shown. This inventive subject matter
may, however, be embodied in many different forms and
should not be construed as limited to the embodiments set
forth herein. Rather, these embodiments are provided so that
this disclosure will be thorough and complete, and will fully
convey the scope of the inventive subject matter to those
skilled in the art. Like numbers refer to like elements through-
out.

It will be understood that, although the terms first, second,
etc. may be used herein to describe various elements, these
elements should not be limited by these terms. These terms
are only used to distinguish one element from another. For
example, a first element could be termed a second element,
and, similarly, a second element could be termed a first ele-
ment, without departing from the scope of the present inven-
tive subject matter. As used herein, the term “and/or” includes
any and all combinations of one or more of the associated
listed items.

It will be understood that when an element is referred to as
being “connected” or “coupled” to another element, it can be
directly connected or coupled to the other element or inter-
vening elements may be present. In contrast, when an element
is referred to as being “directly connected” or “directly
coupled” to another element, there are no intervening ele-
ments present. It will be further understood that elements
“coupled in series” or “serially connected” may be directly
coupled or may be coupled via intervening elements.
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It will be understood that when an element or layer is
referred to as being “on” another element or layer, the element
or layer can be directly on another element or layer or inter-
vening elements or layers may also be present. In contrast,
when an element is referred to as being “directly on” another
element or layer, there are no intervening elements or layers
present. As used herein, the term “and/or” includes any and all
combinations of one or more of the associated listed items.

Spatially relative terms, such as “below”, “beneath”,
“lower”, “above”, “upper”, and the like, may be used herein
for ease of description to describe one element or feature’s
relationship to another element(s) or feature(s) as illustrated
in the figures. It will be understood that the spatially relative
terms are intended to encompass different orientations of the
device in use or operation, in addition to the orientation
depicted in the figures. Throughout the specification, like
reference numerals in the drawings denote like elements.

Embodiments of the inventive subject matter are described
herein with reference to plan and perspective illustrations that
are schematic illustrations of idealized embodiments of the
inventive subject matter. As such, variations from the shapes
of' the illustrations as a result, for example, of manufacturing
techniques and/or tolerances, are to be expected. Thus, the
inventive subject matter should not be construed as limited to
the particular shapes of objects illustrated herein, but should
include deviations in shapes that result, for example, from
manufacturing. Thus, the objects illustrated in the figures are
schematic in nature and their shapes are not intended to illus-
trate the actual shape of a region of a device and are not
intended to limit the scope of the inventive subject matter.

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of the present inventive subject matter. As used
herein, the singular forms “a”, “an” and “the” are intended to
include the plural forms as well, unless the context clearly
indicates otherwise. It will be further understood that the
terms “comprises” “comprising,” “includes” and/or “includ-
ing” when used herein, specify the presence of stated fea-
tures, integers, steps, operations, elements, and/or compo-
nents, but do not preclude the presence or addition of one or
more other features, integers, steps, operations, elements,
components, and/or groups thereof.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this present inventive subject matter belongs. It will be
further understood that terms used herein should be inter-
preted as having a meaning that is consistent with their mean-
ing in the context of this specification and the relevant art and
will not be interpreted in an idealized or overly formal sense
unless expressly so defined herein. The term “plurality” is
used herein to refer to two or more of the referenced item.

The expression “lighting apparatus™, as used herein, is not
limited, except that it indicates that the device is capable of
emitting light. That is, a lighting apparatus can be a device
which illuminates an area or volume, e.g., a structure, a swim-
ming pool or spa, a room, a warchouse, an indicator, a road, a
parking lot, a vehicle, signage, e.g., road signs, a billboard, a
ship, a toy, a mirror, a vessel, an electronic device, a boat, an
aircraft, a stadium, a computer, a remote audio device, a
remote video device, a cell phone, a tree, a window, an LCD
display, a cave, a tunnel, a yard, a lamppost, or a device or
array of devices that illuminate an enclosure, or a device that
is used for edge or back-lighting (e.g., back light poster,
signage, LCD displays), bulb replacements (e.g., for replac-
ing AC incandescent lights, low voltage lights, fluorescent
lights, etc.), lights used for outdoor lighting, lights used for
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security lighting, lights used for exterior residential lighting
(wall mounts, post/column mounts), ceiling fixtures/wall
sconces, under cabinet lighting, lamps (floor and/or table
and/or desk), landscape lighting, track lighting, task lighting,
specialty lighting, ceiling fan lighting, archival/art display
lighting, high vibration/impact lighting, work lights, etc.,
mirrors/vanity lighting, or any other light emitting device.
The present inventive subject matter may further relate to an
illuminated enclosure (the volume of which can be illumi-
nated uniformly or non-uniformly), comprising an enclosed
space and at least one lighting apparatus according to the
present inventive subject matter, wherein the lighting appa-
ratus illuminates at least a portion of the enclosed space
(uniformly or non-uniformly).

FIG. 1 illustrates a lighting apparatus 100 according to
some embodiments of the inventive subject matter. The appa-
ratus includes a string 110 of serially connected segments
110a, 110; of light emitting diodes (LEDs) coupled to a
varying voltage source 10. The vary voltage source 10 may
include, for example, a full-wave rectifier circuit that pro-
duces a time-varying voltage from an AC voltage source.

Each segment 110q, . . . , 110/ may include one or more
LEDs. The LEDs in each segment may be arranged in any of
a variety of different parallel and/or serial combinations. For
example, an individual segment may include multiple LEDs
connected in series, multiple LEDs connected in parallel and/
or multiple groups of parallel-connected LEDs coupled in
series. The segments 110q, . . . , 110/ may include equal
numbers or LEDs or differing numbers of LEDs. The seg-
ments 110q, . . ., 110i may include the same type of LEDs or
may include different types of LEDs, such as LEDs having
different color, luminance, forward voltage or other charac-
teristics.

The apparatus 100 further includes an energy-storing con-
trol circuit 120 including at least one energy-storage device
122 (e.g., one or more capacitors). The control circuit 120 is
coupled to the string 110. According to some embodiments,
the control circuit 120 is configured to couple the at least one
energy storage device 122 in parallel with a first number of the
segments 110q, . . ., 110i to charge the at least one energy
storage device 122 and to discharge the at least one energy
storage device 122 through a second number of the segments
110aq, . .., 110i. For example, in some embodiments, the first
number of segments may be greater than the second number
of segments. If the energy storage device 122 is a capacitor,
for example, this may allow the capacitor to be charged to a
relatively high voltage at a peak of the rectified voltage, and
then discharged through a lesser number of the segments at or
near nulls of the rectified voltage. In some embodiments, for
example, such an arrangement may enable the use of rela-
tively small and reliable ceramic capacitors instead of the
relatively large and less reliable electrolytic capacitors used
in some “valley fill” LED lighting circuits.

FIG. 2 illustrates a lighting apparatus 200 according to
further embodiments. The apparatus 200 includes a string 110
of LED segments 1104, 1105, . . ., 110%, coupled to a varying
voltage source 10. An energy storing control circuit 220
includes an energy storage circuit 224 and a segment control
circuit 226 coupled to the string 110. A control circuit 222
controls the energy storage circuit 224 and the segment con-
trol circuit 226 responsive to one or more parameters of the
source 10, such as a voltage and/or a current. In particular, the
control circuit 222 may be configured to control the energy
storage circuit 224 to charge and discharge at least one energy
storage device thereof responsive to the one or more source
parameters, and to control the segment control circuit 226 to
selectively bypass the LED segments 110a, 1105, . . ., 110r
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in conjunction with these charging and discharging opera-
tions. For example, as explained below with reference to F1G.
4, the control circuit 222 may couple one or more energy
storage devices (e.g., capacitors) of the energy storage circuit
224 in parallel with all of the LED segments 110a,
11054, . . ., 110# of the string 110 for a first voltage condition
of'the source 10 to support charging of the one or more energy
storage devices, and to couple the one or more energy storage
devices in parallel with a subset of the segments 110a,
1105, . . ., 110% of the string 110 for a second voltage
condition of the source 10 to support discharging of the one or
more energy storage devices through the subset of the seg-
ments 110a, 1105, . . ., 110x.

FIG. 3 illustrates a lighting apparatus 300 according to
further embodiments. The apparatus 300 includes a rectifier
circuit 310 configured to generate a full-wave rectified volt-
age from an AC power source. A string 110 of LED segments
110a, 1105, . . ., 1102 is coupled to the rectifier circuit 310.
Under control of a control circuit 322, a segment control
circuit 326 is configured to selectively bypass the segments
110a, 11054, . . . , 110z as the rectified voltage produced by the
rectifier circuit 310 rises and falls. Such operations may use,
for example, techniques described in U.S. patent application
Ser. No. 13/235,127, entitled “Solid-State Lighting Appara-
tus and Methods Using Current Diversion Controlled by
Lighting Device Bias States”, filed Sep. 16, 2011, the disclo-
sure of which is incorporated by reference herein in its
entirety.

In conjunction with the operations of the segment control
circuit 326, the control circuit 322 may also control an energy
storage circuit 324 to charge and discharge at least one energy
storage device (e.g., at least one capacitor) as the rectified
voltage produced by the rectifier circuit 310 varies. In par-
ticular, when the rectified voltage is above a certain level (e.g.,
at a level sufficient to support forward conduction through at
least one of the segments 110qa, 1105, . . ., 110#), the control
circuit 322 may control the energy storage circuit 324 to
charge the at least one storage device while the LED string
110 is being driven by the rectified voltage. When the rectified
voltage is below a certain level (e.g., at a level insufficient to
cause forward conduction through at least one of the seg-
ments 110a, 1105, . . . , 110r), the control circuit 322 may
control the energy storage circuit 324 and the segment control
circuit 326 to discharge the at least one energy storage device
of'the energy storage circuit 324 through a subset of the LED
segments 110a, 1105, . . ., 110%, such that illumination may
be maintained when the rectified voltage is insufficient to
drive at least one of the segments 110a, 1105, . . ., 110x.

FIG. 4 illustrates an exemplary circuit implementation of a
lighting apparatus 400 along the lines of FI1G. 3. The appara-
tus 400 includes a string 410 of three LED segments 410a,
41056, 410¢ coupled in series. One end of the string 410 is
coupled to an output terminal of a rectifier circuit 420 com-
prising a diode bridge. An input port of the rectifier circuit 410
is configured to be coupled to an AC power source (e.g., a
utility input) that produces an AC voltage v ..

A segment control circuit 450 is coupled to nodes of the
string 410, and includes a first, second and third current
control circuits 451, 452, 453, which are configured to selec-
tively pass current from respective nodes of the string 410 to
ground via a resistor R4 responsive to the rectified voltage
produced by the rectifier circuit 420. The second and third
current control circuits 452, 453 are controlled by a control
circuit 430. The control circuit 430 is also coupled to an
energy storage circuit 440.

The first current control circuit 451 includes first and sec-
ond transistors Q1, Q4 arranged in a current mirror configu-
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ration, along with a resistor R1 and a diode D1. The second
current control circuit 452 also includes first and second
current mirror transistors Q2, Q5, which are biased by diodes
D2, D3 and a resistor R2. The second current control circuit
452 further includes a transistor Q10 that receives a control
signal from the control circuit 430 via a resistor R10. Simi-
larly, the third current control circuit 453 includes first and
second current mirror transistors Q3, Q6, diodes D4, D5, D6,
a resistor R3 and a transistor Q11 that receives the control
signal from the control circuit 430 via the resistor R10.

The energy storage circuit 440 includes a storage capacitor
C1, diodes D8, D10, a resistor R9 and a transistor Q7. The
transistor Q7 is controlled by a signal generated by the control
circuit 430.

The control circuit 430 includes diodes D7, D9, which
produce a rectified voltage from the AC source voltage v .
The control circuit 430 further includes a threshold circuit
including transistors Q8, Q9 and resistors R5, R6, R7, R8.
When the rectified voltage produced by the diodes D7, D9 is
above a certain level, the threshold circuit turns off the tran-
sistor Q7 of the energy storage circuit 440, and the storage
capacitor C1 is charged to a level approaching the level of the
rectified voltage produced by the rectifier circuit 420. In par-
ticular, at or near the peak of the rectified voltage, the storage
capacitor is coupled in parallel with all of the segments 410a,
4105, . ..,410n of the LED string 410. In this state, the control
circuit 430 turns off the transistors Q10, Q11 of the second
and third current control circuits 452, 453 of the segment
control circuit 450, so that the second and third current con-
trol circuits 452, 453 may respond to the rectified voltage,
incrementally activating and deactivating the segments 410a,
4105, . . ., 410n of the string 410.

When the rectified voltage falls below the threshold level,
the control circuit 430 turns on the transistor Q7 of the energy
storage circuit 440, enabling current flow from the charged
capacitor C1 to the LED string 410. Under this condition, the
control circuit 430 turns on the transistors Q10, Q11 of the
second and third current control circuits 452, 453, thus
bypassing the second and third segments 4105, 410¢ of the
string 410. Thus, the charged capacitor C1 is discharged only
through the first segment 4104, supporting illumination when
the rectified voltage is below the threshold. Generally, the
threshold of the control circuit 430 may be set to a level that
is at or near a level of the rectified voltage that is insufficient
to support forward conduction through at least one of the
segments 410a, 4105, 410c. If the voltage of the storage
capacitor C1 does not exceed a level sufficient to turn off the
third current control circuit 453, the transistor Q11 may be
eliminated.

FIG. 5is awaveform diagram of a light output 510 that may
be produced by the apparatus 400 of FIG. 4. As can be seen,
the apparatus 400 may maintain a non-zero light output 510 at
nulls of the rectified voltage. The light output 510 exhibits a
stair-stepped characteristic associated with the operation of
the segment control circuit 450 as the rectified voltage rises
and falls.

FIG. 6 illustrates an apparatus 600 that includes a “dual” of
the segment control circuit implementation illustrated in F1G.
4. The apparatus 600 includes a string 610 of LED segments
610a, 6105, 610c. A segment control circuit 650 includes
first, second and third current control circuit 651, 652, 653,
which are configured to selectively couple nodes of the string
610 to an output terminal of a rectifier circuit 620 via a resistor
R4. Aninput port of the rectifier circuit 610 is configured to be
coupled to an AC power source (e.g., a utility input) that
produces an AC voltage v . The second and third current
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control circuits 652, 653 are controlled by a control circuit
630. The control circuit 630 is also coupled to an energy
storage circuit 640.

The first current control circuit 651 includes first and sec-
ond transistors Q1, Q4 arranged in a current mirror configu-
ration, along with a resistor R1 and a diode D1. The second
current control circuit 652 also includes first and second
current mirror transistors Q2, Q5, which are biased by diodes
D2, D3 and a resistor R2. The second current control circuit
652 further includes a transistor Q10 that receives a control
signal from the control circuit 630 via a resistor R10. Simi-
larly, the third current control circuit 653 includes first and
second current mirror transistors Q3, Q6, diodes D4, D5, D6,
a resistor R3 and a transistor Q11 that receives the control
signal from the control circuit 630 via the resistor R10.

The energy storage circuit 640 includes a storage capacitor
C1, diodes D8, D10, a resistor R9 and a transistor Q7. The
transistor Q7 is controlled by a signal generated by the control
circuit 630.

The control circuit 430 includes diodes D7, D9, which
produce a rectified voltage from the AC source voltage v ..
The control circuit 430 further includes a threshold circuit
including transistors Q8, Q9 and resistors R5, R6, R7, R8.
When the rectified voltage produced by the diodes D7, D9 is
above a certain level, the threshold circuit turns off the tran-
sistor Q7 of the energy storage circuit 640, and the storage
capacitor C1 is charged to a level approaching the level of the
rectified voltage produced by the rectifier circuit 620. In par-
ticular, at or near the peak of the rectified voltage, the storage
capacitor is coupled in parallel with all of the segments 610a,
61054, ...,610rofthe LED string 410. In this state, the control
circuit turns off the transistors Q10, Q11 of the current control
circuits 652, 653.

When the rectified voltage falls below the threshold level,
the control circuit 630 turns on the transistor Q7 of the energy
storage circuit 640, enabling current flow from the charged
capacitor C1 to the LED string 610. Under this condition, the
control circuit 630 turns on the transistors Q10, Q11 of the
second and third current control circuits 652, 653, thus
bypassing the second and third segments 6105, 610¢ of the
string 610. Thus, the charged capacitor C1 is discharged only
through the first segment 610q, supporting illumination when
the rectified voltage is below the threshold. Generally, the
threshold of the control circuit 630 may be set to a level that
is at or near a level of the rectified voltage that is insufficient
to support forward conduction through at least one of the
segments 610a, 6105, 610c.

According to further embodiments of the inventive subject
matter, lighting apparatus along the lines described above
may also be configured to operate responsive to a dimming
input. FIG. 7 illustrates a lighting apparatus 700 that includes
a string 710 of LED segments 710a, 7106, . . ., 710% coupled
to a rectifier circuit 720 configured to generate a full-wave
rectified voltage from an AC input. Under control of a control
circuit 730, a segment control circuit 750 is configured to
selectively bypass the segments 710a, 7105, . . ., 710% as the
rectified voltage produced by the rectifier circuit 720 rises and
falls. In conjunction with the operations of the segment con-
trol circuit 750, the control circuit 730 may also control an
energy storage circuit 740 to charge and discharge at least one
energy storage device (e.g., at least one capacitor) as the
rectified voltage produced by the rectifier circuit 720 varies,
in a manner similar to that described above with reference to
FIG. 3. As further illustrated the control circuit 730 may also
control the energy storage circuit 740 and the segment control
circuit 750 responsive to a dimming input. The dimming input
may include, for example, an amount of phase cut applied by
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aphase cut dimmer circuit coupled to an input of the rectifier
circuit 720 and/or a dimming signal (analog or digital) that
provides similar dimming information.

FIG. 8 illustrating a lighting apparatus 800 with such a
dimming capability. The apparatus 800 includes a string 870
of LED segments, including a first segment comprising three
LEDs D12, D13, D14, a second segment comprising two
LEDs D15, D16, and a third segment including a single LED
D17. The LED string 870 is coupled to a rectifier circuit 820
including four diodes D1, D2, D3, D4 connected in a bridge
arrangement, and having an input coupled to a phase-cut
dimmer circuit 810.

A segment control circuit 860 is configured to selectively
bypass segments of the LED string 870. The segment control
circuit includes a first current control circuit including tran-
sistors Q1, Q2 connected in a current mirror configuration
and a resistor R1, a second current control circuit including
current mirror transistors Q3, Q4, a resistor R2 and a diode
D9, and a third current control circuit including current mirror
transistors Q5, Q6, a resistor R3 and diodes D10, D11. The
current control circuits pass current to ground via a resistor
R13 and a diode D18.

An energy storage circuit 830 includes a storage capacitor
C2 coupled through a resistor R4 to a first terminal of a
rectifier coupled to the dimmer circuit 810 and including
diodes D5, D6, D7, D8. The energy storage circuit 830 further
includes transistors Q7, Q8, resistors R5, R6, R7, R8, and a
capacitor C3. Responsive to a control signal applied to the
transistor Q8 via a resistor R21, the energy storage circuit 830
is configured to charge the storage capacitor C2 from the
output voltage of the dimmer circuit 810 and to discharge the
charged storage capacitor C2 through the first segment (LEDs
D12, D13, D14) of the LED string 870.

The control signal applied to the transistor Q8 is generated
by a control circuit 840. The control circuit 830 includes a
comparator U1, a transistor Q9 and resistors R9, R10, R11,
R12, and has an input coupled to the rectifier comprising the
diodes D5, D6, D7, D8. The control circuit 840 generates the
control circuit for the energy storage circuit 830 based on the
level of the output of the dimmer circuit 810.

As shown, the apparatus 800 further includes a dimming
control circuit 850, including amplifiers U2, U3, resistors
R14, R15,R16, R17, R18, R19, R20, diode D19 and capaci-
tors C3, C4. The dimming control circuit 850 has an input
coupled to the output of the dimmer circuit 810 via the recti-
fier diodes D7, D8 and is configured to generate an output
signal that is representative of the dimming applied by the
dimmer circuit 810, more particularly, a signal representative
of an average magnitude of the output of the dimmer circuit
810. This output signal is applied to the current mirrors of the
segment control circuit 860 to control the current flow there-
through, such that the currents flowing through the segments
of'the LED string 870 vary responsive to the dimming applied
by the dimming circuit 810. The dimming is applied when the
segments of the LED string 870 are being driven by the
rectifier circuit 820 and when the first segment of the LED
string 870 is being driven by a discharge of the storage capaci-
tor C2.

In LED driver circuits employing segment control circuits
along the lines discussed above, the input current may have a
stepwise characteristic, as shown in FIG. 5. Such a character-
istic may prevent such driver circuits from meeting harmonic
requirements in some parts of the world. Harmonic distortion
may be reduced using a segment control circuit arrangement
along the lines illustrated in FIG. 9.

Referring to FIG. 9, a lighting apparatus 900 may include
a string 930 of LED segments, including a first segment of
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three diodes D11, D14, D16, a second segment with two
diodes D12, D15 and a third segment with one diode D13. The
string 930 is coupled to a rectifier circuit 910 including bridge
diodes D1, D2, D3, D4. A segment control circuit 920
includes a first current control circuit including current mirror
transistors Q1, Q2, a resistor R1 and a diode D5. A second
current control circuit of the segment control circuit 920
includes current mirror transistors Q3, Q4, a resistor R3 and
diodes D6, D7. A third current control circuit of the segment
control circuit 920 includes current mirror transistors Q5, Q6,
aresistor R4 and diodes D8, D9, D10. FIG. 10 illustrates input
current for the apparatus 900 of FIG. 9, showing smoothed
transitions as the current control circuits of the segment con-
trol circuit 920 operate. It will be appreciated that a segment
control circuit arranged in the manner of the segment control
circuit 920 may be used in lighting apparatus having the
general architectures illustrated in FIGS. 1-3 and 7.

Embodiments of the inventive subject matter may be
implemented in any of a variety of different forms, including,
but not limited to lighting apparatus, such as lighting modules
and fixtures, as well as control circuitry (e.g., integrated cir-
cuit devices, circuit modules and/or other devices) configured
to be used in conjunction with LEDs and circuit components,
such as storage capacitors, in such lighting apparatus.

For example, FIG. 11 illustrates a lighting apparatus 1100
including an LED string assembly 1120 comprising segments
11204a, 112054, . . ., 1120#, and a driver module 1110 includ-
ing circuitry for driving the string 1120. For example, the
driver module 1100 may include a rectifier circuit 1111, a
segment control circuit 1114, an energy storage circuit 1113
and a control circuit 1112. These circuits may operate along
the lines described above.

As noted above, lighting apparatus according to some
embodiments may be utilized in lighting fixtures, lamps and
other assemblies. For example, FIG. 12 illustrates a lamp
assembly 1200 according to some embodiments. The lamp
assembly 1200 includes a transparent or semitransparent
housing 1210, inside of which are positioned an LED assem-
bly 1220 and a driver assembly 1230, for example, a driver
module along the lines discussed above with reference to
FIG. 11. The driver assembly 1230 is configured to receive
AC power via a base connector (e.g., an Edison base or other
standard lighting base) of the lamp assembly 1200. It will be
appreciated that the implementation of FIG. 12 is offered for
purposes of illustration, and that embodiments of the inven-
tive subject matter may be implemented in a number of dif-
ferent ways in a number of different types of lighting assem-
blies, fixtures, and systems.

In the drawings and specification, there have been dis-
closed typical embodiments of the inventive subject matter
and, although specific terms are employed, they are used in a
generic and descriptive sense only and not for purposes of
limitation, the scope of the inventive subject matter being set
forth in the following claims.

What is claimed is:

1. A lighting apparatus comprising:

a string comprising at least two serially-connected light-
emitting diode (LED) segments and configured to be
coupled to a source of a varying voltage;

a segment control circuit configured to selectively bypass
at least one segment of the string responsive to the vary-
ing voltage;

an energy storage circuit configured to charge at least one
energy storage device from the source of varying voltage
and to control current flow between the at least one
energy storage device and the string; and
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a control circuit configured to cause the segment control
circuit and the energy storage circuit to couple the at
least one energy storage device in parallel with a first set
of the at least two LED segments to charge the at least
one charge storage device and to discharge the at least
one charge storage device through a second set of the at
least two LED segments.

2. The apparatus of claim 1, wherein the second set of
segments comprises fewer segments than the first set of seg-
ments.

3. The apparatus of claim 1, wherein the second set of
segments is a subset of the first set of segments.

4. The apparatus of claim 1, wherein the second set of
segments comprises a segment having a greatest number of
LED:s.

5. The apparatus of claim 4, wherein the second set of
segments comprises a segment having a greatest number of
LEDs connected in parallel.

6. The apparatus of claim 1, further comprising a rectifier
circuit configured to be coupled to an AC source and to
produce a rectified voltage from an AC voltage produced by
the AC source, wherein the string is coupled to rectifier cir-
cuit, wherein the segment control circuit is configured to
selectively bypass the segments of the string responsive to the
rectified voltage and wherein the control circuit is configured
to cause the segment control circuit to bypass at least one of
the segments of the string when the rectified voltage is insuf-
ficient to cause forward conduction through at least one of the
segments.

7. The apparatus of claim 6, wherein the control circuit is
further configured to cause the energy storage circuit to pro-
vide current from the at least one energy storage device to at
least one unbypassed segment of the string when the rectified
voltage is insufficient to cause forward conduction through at
least one of the segments.

8. The apparatus of claim 1, wherein the control circuit is
configured to cause the energy storage circuit to charge the at
least one energy storage device responsive to a magnitude of
the varying voltage exceeding a threshold and to discharge the
atleast one energy storage device responsive to the magnitude
of the varying voltage falling below the threshold.

9. The apparatus of claim 1, further comprising a dimming
control circuit configured to control a current passing through
at least one of the segments responsive to a dimming control
input.

10. The apparatus of claim 9, wherein the segment control
circuit comprises at least one current control circuit coupled
to a node of the string and wherein the dimming control
circuit is configured to control current flow through the at
least one current control circuit.

11. The apparatus of claim 1, wherein the segments com-
prise different numbers of LEDs coupled in parallel.

12. A lighting apparatus comprising:

a rectifier circuit configured to be coupled to an AC source
and to produce a rectified voltage from an AC voltage
produced by the AC source;

a string comprising at least two serially-connected LED
segments and configured to be coupled to the rectifier
circuit;

a segment control circuit configured to selectively bypass
at least one segment of the string responsive to the rec-
tified voltage;

an energy storage circuit coupled to the rectifier circuit and
configured to control current flow between at least one
energy storage device and the string; and

a control circuit configured to control the segment control
circuit and the energy storage circuit such that the at least
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one energy storage device is charged by the rectifier
circuit when a magnitude of the rectified voltage is
greater than a threshold and discharged through a set of
the segments of the string that includes less than all of
the segments of the string when the magnitude of the
rectified voltage is less than the threshold.

13. The apparatus of claim 12, wherein the segment control
circuit is configured to support passing a current from the
rectifier circuit through all of the segments in the string circuit
at a peak of the rectified voltage and wherein energy storage
circuit is configured to charge the at least one energy storage
device to a voltage near the peak of the rectified voltage.

14. The apparatus of claim 12, wherein the segment control
circuit comprises at least one current control circuit and
wherein the control circuit is configured to control the seg-
ment control circuit to bypass at least one of the segments of
the string when the rectified voltage is less than the threshold.

15. The apparatus of claim 12, further comprising a dim-
ming control circuit coupled to the segment control circuit
and configured to control a current passing through at least
one of the segments responsive to a dimming control input.

16. The apparatus of claim 15, wherein the segment control
circuit comprises at least one current control circuit coupled
to a node of the string and configured to control current flow
from the node responsive to a control signal and wherein the
dimming control circuit is configured to generate the control
signal.

17. The apparatus of claim 16, wherein the dimming con-
trol circuit is configured to generate the control signal respon-
sive to a phase cut of the AC voltage.

18. An apparatus comprising:

a segment control circuit configured to be coupled to a
string comprising at least two serially-connected LED
segments, the segment control circuit configured to
selectively bypass at least one segment of the string
responsive to a varying voltage;

an energy storage circuit configured to charge at least one
energy storage device from the source of varying voltage
and to control current flow between the at least one
energy storage device and the string; and

a control circuit configured to cause the segment control
circuit and the energy storage circuit to couple the at
least one energy storage device in parallel with a first set
of the at least two LED segments to charge the at least
one charge storage device and to discharge the at least
one charge storage device through a second set of the at
least two LED segments.

19. The apparatus of claim 18, further comprising a recti-
fier circuit configured to be coupled to an AC source and to
produce a rectified voltage from an AC voltage produced by
the AC source, wherein the segment control circuit is config-
ured to selectively bypass the segments of the string respon-
sive to the rectified voltage and wherein the control circuit is
configured to cause the segment control circuit to bypass at
least one of the segments of the string when the rectified
voltage is insufficient to cause forward conduction through at
least one of the segments.

20. The apparatus of claim 19, wherein the control circuit is
further configured to cause the energy storage circuit to pro-
vide current from the at least one energy storage device to at
least one unbypassed segment of the string when the rectified
voltage is insufficient to cause forward conduction through at
least one of the segments.

21. The apparatus of claim 18, wherein the control circuit is
configured to cause the energy storage circuit to charge the at
least one energy storage device responsive to a magnitude of
the varying voltage exceeding a threshold and to discharge the
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atleast one energy storage device responsive to the magnitude
of the varying voltage falling below the threshold.

22. The apparatus of claim 18, further comprising a dim-
ming control circuit configured to control a current passing
through at least one of the segments responsive to a dimming
control input.

23. The apparatus of claim 22, wherein the segment control
circuit comprises at least one current control circuit coupled
to a node of the string and wherein the dimming control
circuit is configured to control current flow through the at
least one current control circuit.

24. The apparatus of claim 23, wherein the segment control
circuit is configured to support passage of a current from the
rectifier circuit through all of the segments in the string at a
peak of the rectified voltage and wherein energy storage cir-
cuit is configured to charge the at least one energy storage
device to a voltage near the peak of the rectified voltage.

25. The apparatus of claim 23, wherein the segment control
circuit comprises at least one current control circuit and
wherein the control circuit is configured to control the at least
one current control circuit to bypass at least one of the seg-
ments of the string when the rectified voltage is less than the
threshold.

26. The apparatus of claim 23, further comprising a dim-
ming control circuit coupled to the segment control circuit
and configured to control a current passing through at least
one of the segments responsive to a dimming control input.

27. An apparatus comprising:

a rectifier circuit configured to be coupled to an AC source
and to a string comprising at least two serially-con-
nected LED segments and further configured to produce
a rectified voltage from an AC voltage produced by the
AC source;

a segment control circuit configured to selectively bypass
segments of the string responsive to the rectified voltage;

an energy storage circuit coupled to the rectifier circuit and
configured to control current flow between at least one
energy storage device and the string; and

a control circuit configured to control the segment control
circuit and the energy storage circuit such that the at least
one energy storage device is charged by the rectifier
circuit when a magnitude of the rectified voltage is
greater than a threshold and discharged through a set of
the segments that includes less than all of the segments
of the string when the magnitude of the rectified voltage
is less than the threshold.

28. A lighting apparatus comprising:

a string comprising at least two serially-connected LED
segments and configured to be coupled to a source of a
varying voltage;

a segment control circuit configured to selectively bypass
segments of the string responsive to the varying voltage;
and

a dimming control circuit coupled to the segment control
circuit and configured to control a current passing
through at least one of the segments responsive to a
dimming control input.

29. The apparatus of claim 28, wherein the segment control
circuit comprises at least one current control circuit config-
ured to control current flow from a node of the string respon-
sive to a control signal and wherein the dimming control
circuit is configured to generate the control signal.

30. The apparatus of claim 29, wherein the dimming con-
trol circuit is configured to generate the control signal respon-
sive to a phase cut of an AC voltage.

31. The apparatus of claim 30, wherein the control signal
represents an average magnitude of the AC voltage.
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32. A lighting apparatus comprising:

a string comprising at least two serially-connected LED
segments and configured to be coupled to a source of a
varying voltage;

a segment control circuit configured to selectively bypass 5
segments of the string responsive to the varying voltage;
and

an energy storage circuit configured to charge at least one
energy storage device from the source of varying voltage
and to control current flow between the at least one 10
energy storage device and the string; and

a control circuit configured to control the segment control
circuit and the energy storage circuit responsive to the
varying voltage such that the at least one energy storage
device is discharged through a set of the segments 15
including less than all of the segments, wherein the
energy storage circuit is configured to charge the at least
one energy storage device to a voltage greater than a
peak voltage of the set of the segments.

33. The apparatus of claim 32, wherein the control circuitis 20
configured to discharge the at least one energy storage device
through the set of the segments responsive to the varying
voltage being insufficient to cause forward conduction
through at least one of the segments.

34. The apparatus of claim 32, wherein the control circuitis 25
configured to control the segment control circuit and the
energy storage circuit to couple the at least one energy storage
device in parallel with a first set of the segments to charge the
at least one charge storage device and to discharge the at least
one charge storage through a second set of the segments. 30
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